Abstract. We present a comparative analysis of theoretical and observed light curves of Cepheid variables using Fourier decomposition. The theoretical light curves at multiple wavelengths are generated using stellar pulsation models for chemical compositions representative of Cepheids in the Galaxy and Magellanic Clouds. The observed light curves at optical (VI), near-infrared (JHK s ) and mid-infrared (3.6 & 4.5-µm) bands are compiled from the literature. We discuss the variation of light curve parameters as a function of period, wavelength and metallicity. Theoretical and observed Fourier amplitude parameters decrease with increase in wavelength while the phase parameters increase with wavelength. We find that theoretical amplitude parameters obtained using canonical mass-luminosity levels exhibit a greater offset with respect to observations when compared to non-canonical relations. We also discuss the impact of variation in convective efficiency on the light curve structure of Cepheid variables. The increase in mixing length parameter results in a zero-point offset in bolometric mean magnitudes and reduces the systematic large difference in theoretical amplitudes with respect to observations.
Introduction
Classical Cepheids are radially pulsating variables that display periodic light curves and follow a well-defined Period-Luminosity relation [PLR, 1] . Cepheids play a vital role in extragalactic distance scale to determine an accurate and precise value of the Hubble Constant [2] . In addition, a comparison of observed pulsation properties of these variables with theoretical pulsation models provides fundamental test of the theory of stellar pulsation and evolution.
First quantitative study of light curves of Cepheid variables based on Fourier decomposition method was presented for a sample of 57 Cepheids [3] . It was suggested that the lower order Fourier amplitude and phase coefficients contain the most characteristic features of the light curve structure [4, 5] . The Cepheid light curves display bump features as a function of period known as Hertzsprung progressions [hereafter HP, 6]. The variation of HP for Classical Cepheids was investigated using pulsation models and it was found that the central period of the progression occurs around 11 days for LMC Cepheids [7] . The comparison of pulsation properties of Cepheids from theoretical models with observations in terms of PLR has been a subject of many studies in the past decade [8, 9] but no rigorous comparison of light curve structure was carried out at multiple wavelengths for different compositions.
The observed light curve structure of Cepheid variables in the Galaxy and LMC was studied in detail and the variation of light curve parameters as a function of period and wavelength was presented in [10] . This work was extended to theoretical models of Cepheid variables and a comparison was presented at multiple wavelengths [11] . We summarize the results from these analyses in the following sections.
Analysis and Results
The theoretical light curves are obtained from full amplitude, nonlinear, convective hydrodynamical models and follow the same assumptions as discussed in [12] . For a fixed chemical composition and mass, the luminosity levels are adopted from stellar evolutionary calculations, i.e., canonical mass-luminosity (M-L) relations. In addition, models with a brighter luminosity level by 0.25 dex (Non-canonical M-L relations) are also computed to account for possible overshooting and mass loss efficiency. The topology of the instability strip is explored for each combination of M-L levels and the bolometric light curves are obtained. These light curves are transformed to optical and near-infrared filters by empirical relations from static atmospheric models. The observed optical and infrared band light curves are compiled from several sources in literature and the details can be found in [10] .
The theoretical and observed light curves were fitted with a Fourier series in the following form -
where, x represents the phase along the pulsation cycle. The optimum order of fit (N) is obtained using the minimization of the successive residuals and the Fourier coefficients are used to formulate Fourier amplitude ratios and phase differences (
The amplitude of the light curve is defined as the difference of maximum and minimum magnitudes obtained from the Fourier fit. 
Fourier parameters as a function of wavelength and metallicity
We discuss the variation of mean Fourier parameters as a function of period and wavelength for different metallicities. Fig. 2 displays the variation of the mean Fourier parameters for Galactic Cepheids (left panels) and for theoretical models with metallicity, Z=0.02 (right panels) at multiple wavelengths. We find a decrease in Fourier amplitude parameters with increase in wavelength while the phase parameters increase with wavelength for both theoretical and observed light curves. In the long period range, log(P) > 1, R 21 increases sharply to a peak value around log(P) = 1.3, at optical wavelengths. This variation is visible for both theoretical and observed Fourier parameters and separates optical wavelengths to redder bands. Similar features in Fourier parameters are also seen for Magellanic Cloud Cepheids [11] . The mean phase parameters display a systematic offset at all wavelengths for the Galaxy and Magellanic Cloud Cepheid models. Fig. 3 displays variation in theoretical I-band mean Fourier parameters as a function of metallicity. The amplitude parameters in short period range (log(P) < 1) increase with decrease in metallicity. The phase parameters also provide evidence of a decrease with metallicity but the progression is not distinctly clear. The central minimum in case of R 21 shifts to longer periods with decrease in metallicities. Similar variation in HP was also seen for observed light curves of Cepheids in [10] . rameters. For standard mixing length (α = 1.5), there is a large discrepancy in theoretical amplitude parameters at short period range (log(P) < 1), when compared to observations. We find that canonical set of models displays larger offset in the overlapping period range. In contrast, the non-canonical Cepheid models are more consistent with observations. Increase in mixing length (α = 1.8) enhances the convective efficiency and damps down pulsation. In turn, it affects the width of the instability strip as the red edge becomes bluer. The increase in convection very likely leads to decrease in theoretical amplitudes. This is evident from Fig. 4 , where increased mixing length (blue circles) helps in minimizing the discrepancy in theoretical amplitudes with respect to the observations. However, this also leads to zero-point offset in bolometric mean magnitudes. This may cause biases in distance estimates based on theoretical P-L relations with different mixing length parameters [13] .
A comparison of observed and theoretical Fourier parameters

Summary
We discuss the variation of the light curve parameters as a function of period, wavelength and metallicity for the theoretical and observed light curves of Cepheid variables. We present a quantitative comparison between theoretical and observed light curve structure posing strong constraints for stellar pulsation codes that incorporate stellar atmosphere models to produce wavelength-dependent theoretical Cepheid light curves. We find a large discrepancy in theoretical amplitude parameters with respect to the observations and suggest that this difference can be reduced by adopting a combination of non-canonical set of models and increased mixing length. We note that the Fourier amplitude parameters can also be used to discriminate between canonical and non-canonical set of models in the overlapping period range. However, a more detailed analysis is required to further constrain the mass-luminosity relations obeyed by Cepheid variables and to explore the impact of different input parameters on the light curve structure. The mass-luminosity relations for Cepheids are based on stellar evolutionary calculations and therefore a thorough analysis with additional model computations on smoother grid, can potentially help constrain theories of stellar evolution and pulsation.
